Abstract: Objective To examine the important roles of microRNAs (miRNAs) in regulating amphid structure and function, we performed a computational analysis for the genetic loci required for the sensory perception and their possibly corresponding miRNAs in C. elegans. Methods Total 55 genetic loci required for the amphid structure and function were selected. Sequence alignment was combined with E value evaluation to investigate and identify the possible corresponding miRNAs. Results Total 30 genes among the 55 genetic loci selected have their possible corresponding regulatory miRNA(s), and identified genes participate in the regulation of almost all aspects of amphid structure and function. In addition, our data suggest that both the amphid structure and the amphid functions might be regulated by a series of network signaling pathways. Moreover, the distribution of miRNAs along the 3' untranslated region (UTR) of these 30 genes exhibits different patterns. Conclusion We present the possible miRNA-mediated signaling pathways involved in the regulation of chemosensation and thermosensation by controlling the corresponding sensory neuron and interneuron functions. Our work will be useful for better understanding of the miRNA-mediated control of the chemotaxis and thermotaxis in C. elegans.
Introduction
A family of small (approximately 20 -24 nucleotidelength), non-coding RNAs are known as microRNAs (miRNAs). MiRNAs constitute a large family of genomically encoded, regulatory RNAs and these regulatory genes function to control the expression of protein-coding genes [1] .
By binding with the 3' untranslated region (UTR) of the target mRNAs in virtue of sequence complementarity, miRNA restrains the post-transcriptional progress of target genes [1, 2] . C. elegans has proved to be the pioneer organism for miRNA research, and miRNAs are now believed to exist in all multicellular organisms. The finally mature -22 nt forms that down-regulate the protein expression of genes with antisense complementarity were produced by multiple processing steps from the miRNA genes [1] . Pioneering work in the Ambros and Ruvkun labs uncovered the first miRNA, lin-4, and its protein-coding target, lin-14, which established a novel form of gene regulation [3] . lin-4, discovered in 1993, was identified to perform as the regulators of temporal gene expression [3] . lin-4 participates in the regulation of the developmental timing by binding to seven sites in the 3'UTR of its target gene lin-14 [3] . Similarly, the second miRNA gene discovered, let-7, also plays an important role in developmental timing by binding to the 3'UTR of lin-41 to down-regulate LIN-41 during the larval stage [4] . Till now, various experimental studies have already been confirmed the key roles of miRNAs in some biology activities, such as cell fate specification, life span, metabolism, and ematopoietic lineage differentiation [1, 5, 6] . In addition, miRNAs are usually exhibit complementarity with multiple target genes.
Sensory cilia are present in 60 of the 302 neurons in the C. elegans hermaphrodite [7] . Amphid neurons, the prin-ciple sensory neurons, responsible for chemosensory and thermosensory behaviors, have been identified through behavioral assay and killing defined neurons using a laser microbeam. Each of two bilaterally symmetric amphids in the animal's head contains the endings of 12 types of sensory neurons [7] . Among these 12 sensory neurons, 8 types of neurons (ADF, ADL, ASE, ASG, ASH, ASI, ASJ and ASK) detect mostly water-soluble chemicals with one or two long slender cilia that are directly exposed to the environment through the amphid pore. Three types of neurons (AWA, AWB and AWC) detect volatile odorants with flatted, branched cilia that are enclosed by an amphid sheath cell. One type of neuron (AFD) detects thermal cues with a complex, brush-like dendritic membrane structure at the sensory ending. These chemosensory and thermosensory neurons function in the regulation of chemotaxis, thermotaxis, behavioral avoidance, dauer formation, learning, memory and learning choice [8] . Especially, because chemotaxis and thermotaxis are two central behaviors responded to the environment signals, the model organism C. elegans has been exploited to systematically study the molecular mechanism of learning and memory via chemotaxis and thermotaxis assays. Corresponding to the functions of these 12 sensory neurons, 5 types of interneurons (AIY, AIZ, RIA, AIA and AIB) were identified. Functions of AIY, AIZ, RIA, AIA and AIB interneurons involve the regulation of thermophilic movement, cryophilic movement and thermotaxis, respectively. Although miRNAs are abundant in animal genomics, the researches of biological pathways in which miRNAs operate are just beginning to be performed. Recently, Chang et al. (2004) indicated that miRNAs can act sequentially and asymmetrically to control the chemosensory laterality in the nematode [9] , suggesting the possibly important roles of miRNAs in the regulation of amphid structure and function. In addition, for C. elegans, the miRBase Target, a comprehensive new database of predicted miRNA target genes has primarily been finished and available at http:// microrna.sanger.ac.uk [10] . Nevertheless, many of the complementing sequences of target genes still need to be further confirmed. To further investigate the possibly important functions of miRNAs in regulating amphid structure and function, we performed the computational analysis for the genetic loci required for the amphid structure and function and their possible corresponding miRNAs in C. elegans. Our work here will be useful for further attempt to systematically determine the roles of miRNAs in learning and memory regulation, as well as the lifespan and dauer formation regulation, in C. elegans.
Materials and methods

Genetic loci
Total 55 genetic loci were selected for assay in the current work (Tab. 1). Among these 55 genes, 16 genetic loci are required for the construction of cilia structure. They are che-2 (abnormal CHEmotaxis) [11] , che-3 [11] , che-11 [11] , che-13 [11] , daf-10 (abnormal DAuer Formation) [11] , osm-1 (OSMotic avoidance abnormal) [11] , osm-5 [11] , osm-6 [11] , osm-3 [11] , daf-6 [11] , daf-19 [11] , mec-1 (MEChano sensory abnormality) [11] , mec-8 [11] and che-14 [12] , dys-1 (abnormal DYe Filling) [12] , and dys-13 [12] . Thirty-one genetic loci are required for one or a few cell types of sensory neuron functions. They are lim-6 (LIM domain family) [9] , gcy-5
(Guanylyl CYclase) [9] , gcy-7 [9] , unc-37 (UNCoordinated) [9] , die-1 (Dorsal Intercalation and Elongation defect) [9] , ceh-36 (C.Elegans Homeobox) [9] , tax-2 (abnormal chemoTAXis) [13] , tax-4 [13] , daf-11 [14] , daf-21 [14] , che-1 [12] , odr-7 (ODoRant response abnormal) [12] , odr-1 [12] , ttx-1 (abnormal ThermoTaXis) [12] , odr-3 [12] , osm-9 [12] , glr-1 [GLutamate Receptor family (AMPA)] [12] , odr-2 [12] , odr-4 [12] , odr-10 [12] , tax-6 [15] , daf-2 [16] , odr-9 [17] , osm-10 [18] , qui-1 (QUInine nonavoider) [19] , gpc-1 (G Protein, Gamma subunit) [20] , lim-4 [21] , ceh-14 [21] , osm-12 [22] , bbs-8 [BBS (Bardet-Biedl Syndrome) protein] [22] , and daf-7 [23] . Eight genetic loci are required for the functions of interneuron AIY, AIZ and AIA. They are unc-86 [12] , lin-32 (abnormal cell LINeage) [12] , ttx-3 [24] , sra-11 [Serpentine Receptor, class A (alpha)] [24] , ceh-10 [25] , ceh-23 [25] , lin-11 [26] , and ins-1 (INSulin related) [27] .
Sequence alignment
The sequence alignment was analyzed by DNAassist software, a C ++ program for editing and analysis of nucleic acid and protein sequences [28] . We checked out the sequences of transcript 3'UTR of the targets and aligned them directly with their corresponding miRNA sequences with this software.
E value
The E value was calculated as described [10, 29] . E value means expect value, reflecting the extent of complement between the sequence of miRNAs and the 3'UTR of their corresponding targets. to be chemosensory and thermosensory, based on the fact that they are associated with openings in the cuticle that allow the enclosed neurons to contact the outside environmental cues [30] . However, whether the miRNAs are involved in the regulation of cilia structure assembly and the possible regulation mechanisms are still unknown. Previous study has showed that there are more than 100 miRNAs already predicted in C. elegans [10] . Here we investigated the possible miRNA regulation on the genes required for cilia structure assembly. Sixteen genetic loci and 114 miRNAs were selected for assay. Mutations of these genes will cause various defects in sensory cilia, including the absence of cilia (daf-19) [11] , deletion of the middle and distal segments (che-2, che-13, osm-1, osm-5 and osm-6) [11] , reduced or irregular cilial segments (che-3, che-11 and daf-10) [11] , socket and sheath cell defects (che-14 and daf-6) [12] , not reconstructed (dyf-1 and dyf-13) [12] , and defects in amphid cilia fasciculation (mec-1 and mec-8) [11] . All transcripts used here were from the date-bases of website (http:// www.wormbase.org). The predicted 114 miRNAs have 54 050 corresponding targets according to the database from Griffiths-Jones et al [10] . The computational screen of the corresponding miRNAs was performed according to the E values. Our screen standard is that the E value of the transcript ID should be less than E-03 (including E-03), as described previously [10] . Usually, it is considered that if the value is below E-03, the complement between miRNA-mRNA would be more reasonable and valuable [10] . According to our computational analysis, 8 genes from these genetic loci might have their possibly corresponding regulatory miRNA(s). They were daf-19, che-13, osm-5, daf-6, mec-1, mec-8 and dyf-13 (Tab. 2). Their functions covered most of the important aspects for cilia structure assembly as indicated above, suggesting the important roles of miRNAs in cilia structure assembly. However, genes, whose mutation would cause reduced or irregular cilial segments, were not found to have their possible corresponding miRNAs (Tab. 2), suggesting that these genes are only under the control of RNA coding genes.
Results
Computational analysis of genes required for cilia structure and their possible corresponding miRNAs
To further understand the possible regulation of miRNAs at the 3'UTR of their targets, we examined the complementary regions of corresponding miRNAs for these identified 8 genetic loci. The position of the complementary region was identified basing on the minimization of miRNA-mRNA freeenergy and gaps [10] . We found that most of the identified genetic loci might have more than one corresponding miRNA, suggesting their multiple upstream regulation pathways. In contrast to this, genetic loci of mec-1, mec-8 and dyf-13 might have the possible specificities for their miRNA regulation. Moreover, we noticed that mir-2 might have three targets (che-13, che-14 and daf-19), mir-49 might have two targets of che-13 and daf-6, and mir-67 might have two targets of mec-1 and mec-8. These data suggest the possible crosstalk for the signaling pathways involved in the control of cilia structure assembly. Furthermore, as shown in Fig. 1 , most of these 8 genes were found to have dispersedly distributed miRNAs along the 3'UTR.
Computational analysis of genes affecting one or a few cell types of sensory neurons and their possibly corresponding miRNAs
Chemosensation and thermosensatioin are two important sensory mechanisms, by which C. elegans communicate with its environment. Two bilaterally symmetric amphid neurons are responsible for these behaviors (Fig.  4A) . Next, we performed the computational screen for the possibly corresponding miRNAs of genes affecting one or a few cell types of sensory neurons in amphid. Thirty-one genetic loci were selected for assay. Mutations of these genes [12] [13] [14] 17] . However, mutation of che-1, lim-6, osm-12, bbs-8, gcy-5, gcy-7, unc-37, die-1 and ceh-36 would cause the ASE function defects [9, 12, 22] ; mutation of osm-9, glr-1, osm-10, qui-1 and gpc-1 would affect the ASH function [12, [18] [19] [20] ; mutation of daf-2 would result in the ADF function defects [16] ; daf-7 predominantly regulate the ASI functions [23] ; odr-7 and odr-10 control the aspects of AWA functions [12] ; lim-4 is involved in the regulation of AWB functions [21] ; AWC functions are under the control of odr-1 and odr-2 [12] ; and the expression of tax-6, ttx-1 and ceh-14 is essential for the AFD functions [12, 15, 21] .
According to our computational analysis, 16 genes from these 31 genetic loci might have their possibly corresponding regulatory miRNA(s). They were tax-2, tax-4, odr-1, odr-2, odr-4, ttx-1, daf-2, osm-10, osm-12, qui-1,  lim-6, ceh-14, daf-7, gcy-5, die-1 and unc-37(Tab. 3) .
Similarly, their functions cover most of the important aspects for sensory neuron functions as indicated above, suggesting the essential roles of miRNA that these genes are only under the control of coding RNA genes.
Further, we found that many of the identified genetic loci might have only one corresponding miRNA, suggesting the possible specificities for their miRNA regulation. Compared to this, genetic loci of tax-2, tax-4, ttx-1, odr-2, odr-4, ceh-14, die-1 and daf-7 might have more than one corresponding miRNA, suggesting their multiple upstream regulation pathways. In addition, we noticed that mir-254 might have two targets (tax-2 and ttx-1), mir-243 might bind to 3'UTR of its targets of ttx-1 and qui-1, let-7 might suppressed the expression of its targets of die-1 and ceh-14, and mir-265 might upstream regulate its targets of daf-7 and daf-2, which also suggest the possible cross-talk for the signaling pathways involved in the control of aspects of different sensory neuron functions. Moreover, the distribution of miRNAs along the 3'UTR of these 16 genes exhibits different properties or patterns. Most of them were found to have dispersedly distributed miRNAs along their 3'UTR, Note: The numbers in the brackets indicate the identity between miRNA and its predicted target site. such as tax-2, tax-4, daf-7 and ttx-1 (Fig. 2) . However, some genes were also found to have specific regions which allow the appearance of centralized distribution of corresponding miRNAs along these regions, such as odr-2 and ceh-14 (Fig. 2 ).
Computational analysis of genes required for functions of interneuron AIY, AIZ and AIA and their possibly corresponding miRNAs
The ASE, ASH, AFD, ASI, AWA, AWB and AWC neurons, which are important in chemotaxis and thermotaxis, all synapse extensively onto the AIY, AIZ, AIA, AIB and RIA interneurons [12, 24] . Lastly, we analyzed the possible miRNA regulation on the genes required for interneuron functions. Eight genetic loci were selected for this assay. Mutations of these genes will cause various A B defects in interneuron functions, including the deficient in AIY function (ttx-3, sra-11, ceh-10 and ceh-23) [24, 25] , AIZ functions (unc-86, lin-11 and lin-32) [12, 26] , and AIA functions (ins-1) [27] . Based on our computational analysis, 6 genes from these 8 genetic loci might have their possible corresponding regulatory miRNA(s) (Tab. 4). They were ttx-3, sra -11, unc-86, lin-11, lin-32 and ins-1, respectively (Tab. 4). Their functions cover most of the functions of interneuron AIY, AIZ and AIA, suggesting the possible involvement of miRNA regulation in the interneuron functions. Moreover, we found that most of the identified genetic loci might have more than one corresponding miRNA (Tab. 4), suggesting their multiple upstream regulation pathways. Whereas the genetic loci of lin-32 might have only one corresponding miRNA (Tab. 4), suggesting the possible specificities for its miRNA regulation. Furthermore, we found that mir-1 might have two targets of sra-11 and lin-32, mir-81 might have two targets of ins-1 and ttx-3, and mir-265 might have two targets of lin-11 and ins-1 (Tab. 4), suggesting the possible cross-talk for the signaling pathways involved in the control of aspects of different interneuron functions. In addition, these identified genes were found to have dispersedly distributed miRNAs along their 3'UTR (Fig. 3). 
Discussion
In the current work, we performed the computational analysis for the genetic loci required for the amphid structure and function to identify their possibly corresponding regulatory miRNAs in C. elegans. According to the data in this report, miRNAs might participate in almost all aspects of regulation of amphid structure and function. First, miRNAs might exert their effects on the formation of cilia, construction of the middle and distal segments, assembly of socket and sheath cell defects, cilia reconstruction and amphid cilia fasciculation. Second, miRNAs control might be involved in the regulation of ASE, ASI, ASH, AFD, ADF and AWC functions, as well as the integration of multiple sensory neuron functions. Third, the functions of interneuron AIY, AIZ and AIA might be upstream regulated by specific miRNAs.
Again, our data suggest that both the structure and function of amphid might be regulated by a series of network signaling pathways. On the one hand, mir-2, mir-49 and mir-67 might have three or two corresponding targets required for cilia structure assembly, mir-254, mir-243, let-7 and mir-265 might suppress the expression of two targets affecting one or a few cell types of sensory neurons, and mir-1, mir-81 and mir-265 might contain two targets required for interneuron functions. On the other hand, most of the identified genetic loci required for cilia structure and interneuron functions might have more than one corresponding miRNA. Genetic loci of tax-2, tax-4, ttx-1, odr-2,  odr-4, die-1, ceh-14 and daf-7 might also have more than one corresponding miRNA, suggesting that they might have multiple upstream regulation pathways.
Moreover, we present the possible miRNA-mediated signaling pathways involved in the regulation of chemosensation and thermosensation by controlling the corresponding sensory neuron and interneuron functions (Fig. 4B ). Although these signaling pathways still need to be further experimentally confirmed, the information presented here will be very useful for our better understanding of the miRNA-mediated control of the chemotaxis and thermotaxis. The confirmation of these signaling pathways, combined with the elucidation of single and integrated sensory neuron and/or interneuron functions, will help us deeply reveal the molecular basis of chemotaxis and thermotaxis, as well as that of learning and memory. Especially, the upregulation of die-1 and unc-37 expression by mir273 and lsy-6 has already been confirmed by experiments [9] . In addition, since most of the miRNAs sequences are much conserved between different species, our data could also provide some valuable cues for the research on behavior and behavioral plasticity in other species.
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